Abstract The respiratory behaviour of baby corn -whole and end-cut, under different temperatures and gas conditions was evaluated to study its respiratory dynamics based upon enzyme kinetics. The dependence of respiration rate on the O 2 and CO 2 concentrations has been described assuming the enzyme kinetics model for combined type of inhibition caused by CO 2 . Various respiratory parameters viz. maximal O 2 consumption rate Michaelis-Menten constants, Inhibition constants under the specified environmental conditions of 5, 12.5, 20°C and 75% relative humidity (RH) were estimated using non-linear regression technique. The enzyme kinetics parameters were analyzed according to Arrhenius law to study their temperature dependence. Based upon the overall analysis, it was found that storage temperature had substantial affect on the partial pressures within the closed containers and subsequently the respiration rates. The concentration of O 2 inside the container and surrounding temperature had synergistic effect on the rate of respiration and respiratory parameters. Though the inhibition by evolved CO 2 was observed to be of combined type, it changed from predominantly competitive at 5°C to predominantly uncompetitive at 12.5 and 20°C. This study can be utilized for design of modified atmosphere packages for storage of fresh and minimally processed baby corn.
Introduction
Baby corn (Zea mays L.) belongs to Gramineae family has revolutionised the food habits by providing diversified food items the world over. It comes as a delicacy when used as salad and its dressings, in soup, pickles, deeply fried with meat, rice and other vegetables. Baby corn production generally requires the cultivation practices recommended for normal corn production, except that the duration is only 60 days as compared to 110 to 120 days of grain crop. Farmers can grow 3-4 crops in a year and the by-products like tassel, husk silk and green stalk can be used as animal feed (Pandey et al. 2010) . Baby corn is a young finger like unfertilised cobeau of maize with 1-3 cm emerged silk. The cobs 6-10 cm in length, 1-1.5 cm in diameter and 7-8 g in weight with regular rows are ideal for consumption. Harvesting can be started when the first silk has emerged about 0.5-1 cm i.e. from 1-3 days after silk emerges (Bar-Zur and Saadi 1990) . Generally 5-6 pickings are required to harvest complete crop. Harvesting of cobs is most crucial as a delay of single day in picking certainly degrades the quality and taste of cobs. Baby corn is highly nutritive which is at par or even superior than some vegetables. Besides protein, vitamins and iron it is one of the rich source of phosphorous. Its 100 g cobs provide 0.2 g fat, 1.9 g protein, 8.2 mg carbohydrate, 28 mg calcium, 86 mg phosphorous and 64 fu vitamins, the remaining 89.1 percent being moisture (Hallauer 2000) . For Indian climatic conditions, VL 42, an open pollinated variety, and MEH 114 (hybrid) have been recommended for baby corn production. In north India, the variety mainly being used for export purposes is G5414 (Hybrid). Hybrid varieties give 6-8 tonnes/ha husked cob yield.
Modified atmosphere packaging (MAP) is a well established technology which in combination with low temperature storage helps in extending the shelf life and maintenance of quality of perishable produce by the way of creation of appropriate gaseous atmosphere around the surrounding of the produce packaged in plastic films ). The MAP is especially important for fresh-cut produce because of their greater susceptibility to water loss, cut surface browning, higher respiration rates, enhanced ethylene biosynthesis and action, and microbial growth (Gorny 1997) . The MAP for fresh produce requires proper interaction of produce, packaging film and package parameters to arrive at optimum in-pack atmosphere. The design and generation of an optimum MA requires thorough understanding of the interaction between the various factors such as film characteristics (surface area, gas and water vapour permeability), temperature, free volume inside the package, weight and respiration rate of the produce and initial gaseous composition (Salvador et al. 2002) .
Use of low O 2 (1-5 %) and high CO 2 (5-10 %) concentrations, in combination with low temperature storage maintains sensorial quality and extends the shelf life of fresh-cut vegetables (Fonseca et al. 2002; Moretti et al. 2003) . Discolouration of cut surfaces due to enzymatic browning, yellowing of green vegetables, and pale colour of bright vegetables are the main defects of fresh-cut produce (Nobile et al. 2006) . The risk of developing injurious gas concentrations can be decreased by placing pin holes, or microperforations, in the plastic film (Brar et al. 2011 . The design of modified atmosphere packages requires knowledge of mass transport properties of polymeric films and the respiration rates of fresh produce placed inside the package.
The respiration is the process by which the stored organic materials (carbohydrates, proteins, and fats) are broken down into simple end-products with the release of energy. Oxygen is used during this process and carbon dioxide is produced. This results in hastening of senescence, reduced food value for the consumer, loss of flavour and saleable weight. Respiration is a metabolic process that provides energy for plant biochemical processes. According to Lee et al. (1991) aerobic respiration consists of oxidative breakdown of organic reserves (carbohydrates, lipids and organic acids) to simpler molecules, including carbon dioxide and water with release of energy as follows (Eq. 1):
The rate of respiration depends upon various intrinsic (crop) and extrinsic (crop environment) factors. It is extremely difficult to maintain/control the intrinsic factors but relatively easier to alter the extrinsic ones i.e. gaseous concentrations in the crop environment, surrounding temperature and relative humidity. The concentrations of gaseous components viz. O 2 and CO 2 in the produce environment affects the rate of respiration and this effect has been described assuming mixed inhibition caused by CO 2 using the enzyme kinetics model for combined type of inhibition. Peppelenbos and Van't Leven (1996) proposed the following comprehensive relationship (Eq. 2) to describe the effect of inhibition (competitive, uncompetitive and noncompetitive) on the rates of O 2 consumption and this relationship has been successfully utilized by various scientists to evaluate the effect of inhibition by the evolved CO 2 on the rate of respiration reaction.
Mixed inhibition encompasses a broad range of behaviour and for unambiguous interpretation has been further subdivided into three types: predominantly competitive, noncompetitive and predominantly uncompetitive (Copeland 2000) . Mixed inhibition as defined here encompasses such a broad range of behaviour that it may sometimes be helpful to subdivide it further. The case in which K mc <K mu may then be called predominantly competitive inhibition, the case with K mc 0K mu may be called pure non-competitive inhibition, and the case with K mc >K mu may be called predominantly uncompetitive inhibition.
The most important external factor influencing respiration is the storage temperature. A two to three fold increase in biological reactions has been reported for every 10°C rise in temperature within the range of temperatures normally encountered in the distribution and marketing chain. Arrhenius law has been widely used to describe temperature dependence of respiration rates (Fonseca et al. 2002; Kaur et al. 2011; Benkeblia 2004; Charles et al. 2005) . All the parameters of enzyme kinetics model were evaluated using Arrhenius law [ k ¼ Ae
ÀEa RT ] to study the effect of storage temperature. The values Arrhenius constant A and activation energy E a could be determined by plotting ln(k) against 1/T. The higher the E a , higher is the temperature dependence of the studied parameter. The parameters were analyzed according to Arrhenius law to describe their temperature dependence.
Many scientists have analyzed the respiratory behaviour of various fruits and vegetables at varying conditions of storage temperature and humidity Fishman et al. 1995; Jacxsens et al. 2000; Geysen et al. 2005) . Accounting for all the factors that affect respiration is rather complex. The important parameters that could be studied experimentally are gaseous concentrations, temperature, time, etc. (Talasila et al. 1991 , Talasila et al. 1995 Fonseca et al. 2000) . Linear relationships to describe the complex phenomenon of respiration in sharp contrast to the actual non-linearity of the enzyme kinetics reaction and its temperature dependence have been studied. More complex dynamic relationships have also been developed over the years to account for temporal changes in package volume, product respiration and the temperature and humidity of the environment. Few scientists have analyzed the data statistically with iterative non-linear regression routine (Hertog et al. 1998) . Based on the fact that respiratory metabolism is governed by enzymatic reactions, many researchers have used the Michaelis-Menten type equation to describe the relation between respiration and gas concentration. As respiration is strongly affected by temperature, Arrhenius relationship has been incorporated in the Michaelis-Menten type equation. Michaelis-Menten equation is the most general form of the enzyme kinetics relation that assumes no inhibition of O 2 consumption by the evolved CO 2 . But actually, the evolved CO 2 may or may not inhibit the respiration reaction in some way or the other depending upon the storage conditions and produce characteristics. So, a model proposed by Peppelenbos and Van't Leven (1996) based on the combined type of enzyme kinetics relationship that incorporates both competitive and uncompetitive parts of inhibition by CO 2 appears more appropriate for study of respiration. The present study was undertaken to investigate the effect of environmental temperatures and minimal processing on the respiratory behaviour of fresh baby corn. Weight of baby corn used for density determination using water displacement method, kg
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Materials and methods
Unhusked fresh baby corn (Zea mays L., cv. Syngenta G5414 hybrid) was procured from farms of Field Fresh Foods Pvt. Ltd, India. The fresh produce was then equilibrated at experimental conditions for two hours before the start of respiration experiment.
Sample preparation
Unhusked fresh baby corn (Zea mays L., cv. Syngenta G5414 hybrid) was procured from farms of Field Fresh Foods Pvt. Ltd, India. The fresh produce was then equilibrated at experimental conditions for two hours before the start of respiration experiment. The fresh baby corn samples were peeled using a slitter/blade to slit the outer husk without damaging the cob manually. The husk, hair and stalks were then removed manually without damaging the cob. The uniform cobs after removal of stalks attached were considered as whole baby corn samples. The cob of uniform size were taken and sized on the basis of length to 8 cm for end cut baby corn samples.
Evaluation of respiration rate
The void volume (V v ) for each experiment was determined using the relationship (Eq. 3)
The total inside volume (V t ) of the impermeable glass containers used for respiration experiment was measured. For each experiment, the volume of sample filled in the impermeable container was determined using the relationship (Eq. 4)
The density of fresh baby corn (husked) was determined by water displacement method through the evaluation of true volume of a known mass of fresh baby corn (Ishikawa et al. 1992) .
The respiration study was conducted by placing approximately 400 g of fresh baby corn sample in each of the three impermeable glass containers. The containers were tightly sealed using vacuum grease to avoid any leakage during experiment. Tightly-sealed containers were then placed in an environmental chamber (Blue Star, India). Three different temperatures viz. 5, 12.5 and 20°C, and constant relative humidity of 75 % was used. The container headspace was continuously monitored to determine the O 2 and CO 2 concentrations at regular intervals using a gas analyzer (Quantek Instruments, USA). Gas analyses were continued till the difference between two consecutive concentrations in the headspace became almost constant. Oxygen consumption rate and carbon dioxide evolution rate were found out as per Eqs. 5 and 6.
The headspace partial pressures and respiration rates were studied at three selected storage temperatures using MS-Excel Software. The experimentally determined respiration rates and partial pressures of O 2 and CO 2 were subsequently used to determine various parameters of the enzyme kinetics model by non-linear regression analysis (GraphPad PRISM® Version 5.00.288 software, GraphPad Software Inc., USA).
Results and discussion
Respiratory dynamics of fresh baby corn
The respiratory dynamics of fresh baby corn in whole and end-cut form was studied in terms of the headspace partial pressures of p in O 2 and p in CO 2 inside the impermeable glass containers containing baby corn samples and maintained at different temperatures. For both whole and end-cut baby corn, a gradual decrease was observed in p in O 2 with the progress of time (Fig. 1) , increased with increase in environmental temperature. The difference in steady-state headspace O 2 and CO 2 partial pressures decreased as the surrounding temperature was increased from 12.5 to 20°C. Throughout the respiration study, both O 2 and CO 2 partial pressures remained within the aerobic respiration range and no fermentation was observed. The calculated values of R O 2 and R CO 2 for whole and end-cut baby corn during the same interval are plotted in Fig. 2 . Irrespective of the form of baby corn, the rates of respiration were higher at the start of experiment and gradually decreased as the storage period increased before becoming almost constant. For whole baby corn, the rate of oxygen consumption were 103. 24 .19 % and 24.99 %, respectively for whole and end-cut baby corn when temperature was increased from 5 to 12.5°C but a substantial increase of 70.13 % and 135.31 %, was observed when temperature was increased from 12.5 to 20°C. For similar temperature increments, increase in CO 2 evolution rate was observed to be 31.05 and 106.26 %, respectively for whole and 35.72 % and 157.95 % for end-cut baby corn, respectively. The difference in O 2 consumption rate and CO 2 evolution rate increased gradually with increase in temperature indicating an increase in water vapour production (Fig. 2) . This can be attributed to condensation of moisture taking place within impermeable containers/packages of fresh produce at high temperatures which is also major cause spoilage of produce. At all temperatures, the O 2 consumption rate remained higher than the CO 2 evolution rate giving steady-state respiration quotient values as 0.45, 0.44 and 0.62 at 5, 12 and 20°C, respectively.
Evaluation of respiration and inhibition using enzyme kinetics theory
The non-linear analyses of respiration data on the basis of enzyme kinetics model for combined inhibition led to the determination of various enzyme kinetics parameters, viz. V m O 2 , K m O 2 , K mc CO 2 and K mu CO 2 which are presented in Table 1 . (Table 1 ) at all temperatures showed that fresh baby corn showed a steep incline in respiration with respect to O 2 and temperature.
Inhibition of respiration by CO 2
The value of inhibition constants is a measure of the extent to which respiration can be inhibited by CO 2 . A high value for inhibition constants implies that the backward reaction of the inhibition is much faster than the forward reaction and hence inhibition by CO 2 is not possible. The inhibition constants obtained by non-linear analyses of the respiration data shows that respiration of fresh and end-cut baby corn was prone to combined inhibition ( K mc CO 2 and K mu CO 2 are finite and unequal). At 5°C predominantly competitive type ( K mc CO 2 < K mu CO 2 ) of combined inhibition was observed. However at 12.5°C and 20°C, predominantly uncompetitive type of combined inhibition (K mc CO 2 and K mu CO 2 are finite and unequal; K mc CO 2 > K mu CO 2 ) was observed. Inhibition is said to be predominantly competitive if the inhibitor, CO 2 in the present study, reversibly binds to the same site as the substrate (O 2 ), so its inhibition can be entirely overcome by using a very high concentration of O 2 . The maximum velocity of the enzyme doesn't change (if you give it enough O 2 ), but it takes more O 2 to get to half maximal activity. But in this experiment at 5°C, no extra O 2 is given and low level of O 2 is attained within a few hours, half the maximum velocity of reaction is considerably reduced. The O 2 versus RO 2 (Fig. 3) curve is shifted to the left but not down. Inhibition is said to be predominantly uncompetitive if the inhibitor (CO 2 ) binds with equal affinity to the enzyme, and the enzyme-O 2 complex. The inhibition is not surmountable by increasing substrate concentration. Because the enzyme-O 2 complex is stabilized, it taK mu CO 2 kes less O 2 to get to half-maximal activity. This suggests that when inhibition becomes uncompetitive at 12.5°C and beyond, even at low O 2 concentrations that are attained within a few hours, the value of half maximum activity is attained. The O 2 versus RO 2 curve is shifted to the left and also down. A glance at the Fig. 3 suggests that as the temperature was increased from 12.5 to 20°C; the downward shift became more prominent, indicating that inhibition changed from competitive to uncompetitive, probably due to denaturization of enzyme (protein) at high temperature. Not much difference in values of K mc CO 2 and K mu CO 2 was observed for whole baby corn when temperature was increased from 5°C to 20°C. The value of K mc CO 2 was observed to be slightly less than that of at 5°C but became slightly more than that of K mu CO 2 beyond 12.5°C (Table 1) .
Effect of temperature on respiration
Many researchers have reported the temperature dependence of only V m O 2 or respiration rates (Jacxsens et al. 2000; Geysen et al. 2005; Hertog et al. 1998; Benkeblia 2004) Whole Fig. 2 Oxygen consumption rate and carbon-dioxide evolution rate for fresh baby corn (Whole and End cut) dependence of the respiratory parameters is indicated in the Table 1 by an increase in the values of all enzyme kinetics parameters with increase in temperature. The activation energies for enzyme kinetics parameters, namely, V m O 2 , K m O 2 , K mc CO 2 and K mu CO 2 were determined using Arrhenius relationship to explain the temperature dependence of these parameters.
For whole baby corn, V m O 2 increased by 59.78 % and by 18.60 % with an increase of temperature from 5 to 12.5°C and 12.5°C to 20°C, respectively. V m O 2 was observed to be less temperature-dependent than K m O 2 , K mc CO 2 and K mu CO 2 , as expressed by its lower activation energy (E a 028.64 kJ mol 24.19 % and 24 .99 %, respectively for whole and end-cut baby corn when temperature was increased from 5 to 12.5°C but a substantial increase of 70.13 % and 135.31 %, was observed when temperature was increased from 12.5 to 20°C. For similar temperature increments, increase in CO 2 evolution rate was observed to be 31.05 and 106.26 %, respectively for whole and 35.72 % and 157.95 % for end-cut baby corn, respectively. Beyond the temperature of 12.5°C, O 2 depletion, CO 2 evolution and water vapour production enhanced substantially. Non linear regression analyses of the respiration data showed that enzyme kinetics relationship assuming mixed inhibition by CO 2 explained the effect of headspace gaseous concentrations. All enzyme kinetics parameters viz. V m O 2 , K m O 2 , K mc CO 2 and K mu CO 2 were found to be dependent on temperature and minimal processing. This research has focused on respiratory behavior of fresh baby corn within temperature range commonly encountered during transportation and retail distribution 5-20°C. The dependence of respiration rate on the headspace O 2 and CO 2 concentrations has been described assuming the enzyme kinetics model for combined type of inhibition proposed by Peppelenbos and Van't Leven (1996) . The effect of surrounding temperature on the respiratory parameters has been evaluated using the Arrhenius relationship (Fonseca et al. 2002; Benkeblia 2004; Charles et al. 2005; Kaur et al. 2011) . The changes in the respiratory parameters on account of minimal processing have also been discussed. The results of the study have implied that the respiration rate of fresh baby corn can be kept low by storing it at a temperature less than 12.5°C because this is the limiting temperature beyond which the inhibition by CO 2 turns uncompetitive. Also the effect of minimal processing is more pronounced beyond 12.5°C as indicated by 163 % increase in V m O 2 for end-cut baby corn compared to 18 % for whole baby corn. This research substantiates the research work done by many other scientists who have also highlighted the role proper headspace atmospheres in delaying senescence, maintaining physico-chemical constituents and extending of shelf-life of different crops. Use of low O 2 (1-5 %) and high CO 2 (5-10 %) concentrations, in combination with storage at low temperatures maintains sensorial as well as microbial Partial pressure of oxygen , kPa Respiration rate, ml/kg-h c) Temperature: 20 o C Fig. 3 Graphical representation of variability in inhibition of oxygen consumption rate of whole and end cut baby corn by carbon dioxide with increase in temperature quality of fresh-cut vegetables (Fonseca et al. 2002; Moretti et al. 2003) . These conditions inhibit enzymatic browning reaction on the cut surfaces and the structure of plant tissue sustains its typical turgoricidy and crispness for a longer period. Thus, temperature control and atmospheric modifications (low O 2 : 1-5 % and high CO 2 : 5-10 %) help to maintain produce quality by reducing respiration rate and enhance shelf-life by minimizing the adverse effects of cutting in fruits and vegetables. Utilization of the results of this research would be of immense help in proper designing of modified atmosphere packages for storage and transportation of this highly perishable produce throughout the value chain to urban retail markets.
